Introduction
The v-ski oncogene of the Sloan-Kettering viruses (SKVs) causes transformation of embryonic ®broblasts of both chickens (CEFs) and quails (QEFs) (Stavnezer et al., 1981; Colmenares and Stavnezer, 1989) . In both cell types the transformed phenotype includes morphological transformation and anchorage-independent growth. In QEFs but not CEFs, v-ski also induces myogenic dierentiation among cells that it has already transformed (Colmenares and Stavnezer, 1989) . This phenotype involves the expression of myogenic regulatory genes (myoD and myogenin), and the subsequent expression of terminal dierentiation markers and formation of myotubes when the cells are shifted into low-growth dierentiation medium (Colmenares and Stavnezer, 1989) . The dual action of v-Ski could be due either to its possession of two separate functional domains (one responsible for each of the observed phenotypes), or alternatively to a single domain which functions dierently depending on both cell type and external stimuli.
v-ski contains the ®rst ®ve of eight coding exons of the proto-oncogene, c-ski Sutrave and Hughes, 1989; Grimes et al., 1992) . However, oncogenic and myogenic activation of c-ski has been shown to result from viral over-expression (Colmenares et al., 1991) and not from the truncation of its coding sequences that occurred upon transduction of v-ski. Both v-ski and c-ski encode nuclear proteins Sutrave et al., 1990 ) and appear to be transcriptional regulators (Colmenares and Stavnezer, 1990; Engert et al., 1995) . Primary sequence analysis indicates that the amino terminal two-thirds of v-Ski contains several potentially important motifs typical of transcription factors . These include a proline-rich region, a putative nuclear localization signal, Cys-Hisrich metal-binding motifs, and paired amphipathic alpha-helices (Colmenares and Stavnezer, 1990) . This region of the protein is derived from the ®rst coding exon of c-ski and is the most highly conserved region between Ski and the Ski-related gene product, SnoN (Nomura et al., 1989; Boyer et al., 1993) . Consistent with the idea that conservation suggests functional importance, chicken SnoN has been shown to have Ski-like transforming and myogenic activities (Boyer et al., 1993) . However, the actual functional regions of neither ski nor sno have been de®ned.
The present report describes a mutational analysis of v-ski to identify functional regions and to determine whether its myogenic and transforming properties can be disassociated. We have made insertion, frameshift, deletion and substitution mutations to disrupt various regions of the gene and evaluated the eects of these mutations on protein expression, intracellular location, transformation, and myogenesis. We also present results of studies aimed at determining whether the functional regions de®ned by the mutational analysis constitute distinct protein structural domains. Our approach was to subject the v-Ski protein to limited proteolysis and search for regions in the protein that are relatively resistant to digestion. We chose this method because it has been successfully used to identify functional domains in several transcription factors. The two approaches have led to the identi®cation of the amino terminal region of v-ski, which is derived from the ®rst coding exon of c-ski, as a distinct structural and functional unit required for both transformation and myogenesis.
Results

Activity of non-defective SKV
In the original SKV (SKV 5.7), v-ski is inserted into the MA coding region of the gag gene (Figure 1 ) without deletion of viral sequences at the insertion site . Its translational reading frame is in register with gag sequences at both ends of the insertion. The P110 Ski polyprotein encoded by this virus uses the gag initiation codon and terminates at the stop codon of the pol gene (Stavnezer et al., 1981) . To assess the role of virus-derived sequences in P110 function, we have excised v-ski from SKV5.7 along with a small segment of downstream gag sequence, provided it with a translation initiation signal, and inserted it into avian retroviral vectors (Hughes et al., 1987; Foster and Hanafusa, 1983) downstream of an acceptor splice site (Figure 1, . To test the role of the remaining gag sequence at the 3' end of v-ski in tc-d9S, we have generated the construct, dHC-d9S, in which these sequences are deleted along with the 3'-terminal 30 codons of v-ski ( Figure 1 ).
The tc-d9S and dHC-d9S plasmids were transfected into CEFs and the viruses produced were used to infect fresh CEFs and QEFs to assess their transforming and myogenic abilities, respectively. We ®nd that the activities of these non-defective viruses are indistinguishable from those of SKV 5.7 (RAV-SKV). Both viruses induce morphological transformation and anchorage independent growth of CEFs (3 ± 5% of cells form macroscopic colonies in soft agar). In addition, greater than 75% of QEFs infected by these viruses form multinucleated myotubes within 3 days of transfer into dierentiation medium. Thus neither the removal of gag sequences from the amino-and carboxyl-terminal ends of v-Ski nor the deletion of codons 4 ± 6 or 427 ± 457 from within the gene have any eect on either its transforming or myogenic potential.
In both tc-d9S and dHC-d9S, three codons (Ser24, Met25, Ser26) that separate two neighboring SstI sites are deleted from the 5' end of v-ski. These three amino acids have proven dispensable for Ski function, allowing use of an SstI fragment extending 1.2 kb downstream of these sites to a site in the exon 4 sequence as a convenient target for subsequent linker insertion mutagenesis (see Materials and methods).
Frameshift, deletion, and insertion mutations de®ne the region of v-ski necessary for transformation
Having established that the deletions in the dHC-d9S virus do not reduce its activity relative to SKV5.7, we next examined the activities of a series of frameshift mutations within v-ski that resulted from oligonucleotide insertions (Table 1) . These frameshifts essentially represent a set of progressive deletions from the 3' end of v-ski, thereby allowing an assessment of the 3' boundary of the v-ski sequence necessary for full transforming ability (Table 1) . Most informative in this Morphologies were compared to RAV-SKV infected, and are expressed in a scale ranging from normal CEF morphology (±) to the RAV-SKV transformed morphology (++++).
b Colony formation in soft agar is expressed as a percent of the colony forming eciency induced by RAV-SKV (see text), which is averaged about 5% of infected cells.
c Myogenesis measured as the number of nuclei contained in myotubes compared to the total number of nuclei in a ®eld (Colmenares and Stavnezer, 1989) , and the results are expressed as a percentage of the control, RAV-SKV, which is averaged about 90%.
d Intracellular location as judged by indirect immuno¯uorescence with G8 mAb. ND=undetermined, N/C=both nuclear and cytoplasmic, N=nuclear regard are frameshifts A7f(278), PSf(291), M10f(297) and M12f(338) . The M12f(338) mutant induces wildtype SKV morphology and agar colony forming ability, while the M10f(297) mutant produces an intermediate transformed morphology and an intermediate colony forming eciency. These results place the 3' boundary of the transforming domain of v-ski between codon 297 (M10f(297)) and codon 338 (M12f(338)). However, codons 305 ± 338 are derived from exon II of c-ski, which has been shown to be dispensable for ski's transforming ability (Colmenares et al., 1991) . The fact that a frameshift at codon 297 yields a partially transforming gene suggests that the boundary lies relatively close to this position. Therefore the 3' end of the ®rst coding exon of c-ski appears to be part of the minimum transforming region of the gene. Even small deletions further into this sequence, such as those at codons 291 (PSf291) and 278 (A7f(278)), completely inactivate the gene.
To demonstrate that the minimum transforming region de®ned above can function independently, we constructed a retrovirus expressing a minigene that contains only the exon 1 sequence (Table 1, EX1 ). This minigene causes morphological transformation typical of a wild-type ski. When suspended in soft agar, 1 ± 2% of CEFs transformed by EX1 form colonies as compared to 3 ± 5% of cells transformed by v-ski or c-ski (Colmenares et al., 1991) , indicating that it is clearly positive, but weaker than v-ski or c-ski, in promoting anchorage-independent cell growth.
The importance of regions within the exon 1 sequence for Ski function is revealed by the analysis of internal mutations. Three large non-overlapping deletions were generated, each of which removes about one-third (about 100 codons) of this region. Each of these deletions (D1, D2 and D3, Table 1 ) completely inactivates the transforming activity of v-ski indicating that these large subregions contain sequences required for Ski function. We next analysed the activity of untargeted insertion mutations generated by inserting oligonucleotides at AluI or MnlI sites within the EX1 region of v-ski. The inserted sequences encode potential a-helix breakers (glycine and proline residues) and their insertions are expected to cause local perturbations of protein secondary structure. Analysis of seven insertion mutations (Table 2) shows that only two, M2i(80) and A3i(191) , fail to attenuate ski's transforming ability. The rest of the insertions either completely (Ali(128), A1/A2s(128 ± 141), and M5i(163)) or partially (A7i(278) and M3i(146)) inactivate ski.
Targeted mutations in potentially functional motifs and predicted a helical segments
The EX1 region contains proline-rich, helix ± loop ± helix (HLH), and zinc ®nger-like metal-binding motifs ( Table 2 ) that were previously suggested to be potentially important for v-Ski function Colmenares and Stavnezer, 1990) . To examine their importance we generated small deletions, substitutions, and missense mutations targeted at these motifs and at two additional regions that are predicted to form a-helices. As summarized in Table 3 , among these six mutations, two small deletions completely inactivate v-ski. These involve a predicted a-helix near the middle of EX1 (DAH4 (d190 ± 204)) and a cysteine/histidine-rich zinc ®nger-like motif in the C-terminal third of the region (DZ3/4 (d229 ± 245)). However, the double substitution sH/C1 (H130Y, C133S) in another predicted zinc ®nger motif has no eect, indicating that this motif is not essential for activity. A small deletion of a predicted amphipathic alpha helix (DAH2 (d137 ± 150)) that is half of a potential HLH motif, results in partial inactivation. Although this deletion attenuates Ski function, the extensive remaining activity suggests either that this sequence is not part of an HLH motif or that the HLH is not essential for transformation. Two deletions near the amino terminus, one removing a predicted alpha helical segment (DAH1 (d34 ± 45)) and the other deleting a proline-rich domain (DPRO (d53 ± 76)), have no eect on the transforming activity of v-ski. The absence of residues 1 ± 20 in v-Ski, the lack of eect of deleting residues 24 ± 26 (in the non-defective SKVs tc-d9S and dHC-d9S) and the full activity of the DPRO and DAH1 deletions which involve residues 34 ± 45 and 53 ± 76 suggest that the amino-terminal 76 residues are not essential for transformation and myogenesis by v-ski.
It should be noted that for all the mutants analysed in this study, the results of the agar colony assay are consistent with the assessment of transformation based on cell morphology (Tables 1 ± 3). The tightness of this correlation is best illustrated by mutants M3i(146), A7i(278) (Table 2), and DAH2 (Table 3 ) whose partial activity judged by cellular morphology is mirrored in Table 2 Eect of insertional mutation a ± d Morphology (a), soft agar cloning eciency (b), myogenesis (c), and intracellular location (d) are determined and expressed as described in Table 1   Table 3 Eect of targeted mutation a ± d Morphology (a), soft agar cloning eciency (b), myogenesis (c), and intracellular location (d) are determined and expressed as described in Table 1 their reduced ability to induce agar colony formation about 5%, 27% and 32% as eciently as cells infected by wild-type v-ski, respectively.
Co-segregation of transforming and myogenic activities
The ability of ski mutants to induce myogenesis in QEFs correlates well with their ability to transform CEFs (Tables 1 ± 3). All of the completely transformation defective mutants fail to induce myotube formation. However, partial transforming mutants exhibit either partial or nearly unimpaired myogenic activities, suggesting that myotube formation is less sensitive to disruption of the ski gene compared to either morphological transformation or soft agar cloning. For example, the transforming activity of mutant M3i (146) is barely detectable by the soft agar cloning assay, but it clearly exhibits an intermediate myogenic potency between that of completely transformation defective mutants and fully active forms. In a similar way, mutants A7i(278) and DAH2 are partially impaired in transformation and produce only a slightly reduced myotube formation compared to wild-type v-ski. The EX1 minigene, which has a weaker transforming activity than wild-type v-ski but greater than these other partially defective mutants, is fully active in stimulating myotube formation.
We previously reported that mutant M5i(163) retains the ability to activate expression of myogenic regulators and markers of terminal muscle differentiation, despite being completely defective in inducing myogenesis by the myotube formation assay (Colmenares et al., 1991a) . To determine whether similar activities are retained in other transformation-defective mutants, we performed Northern analysis on QEFs infected by viruses harboring ski mutants. Two mutants were chosen on the basis of their biological activity. A1i(128) is completely defective in both transformation and myotube induction while M3i(146) is partially defective in both activities. The Northen analysis shows that both mutants induce muscle-speci®c gene expression but to dierent levels and dierent from the levels induced by either wildtype v-Ski or M5i(163) (Figure 2 ). The M5i(163) mutant is completely defective in biological assays but induces much higher levels of muscle-speci®c mRNA than either the fully defective A1i(128) mutant or the partially defective M3i(146) mutant. These results suggest that activities of Ski required for induction of these genes may be subtly dierent from those required for the induction of either transformation or full myogenesis. On the other hand, the failure of cells infected by either M5i(163) or A1i(128) to form myotubes despite their expression of muscle-speci®c genes supports the earlier suggestion that the full activity of ski is required for the cells to undergo terminal muscle dierentiation (Colmenares et al., 1991a) .
Expression and intracellular location of mutant Ski proteins
To be certain that loss of activity of mutated ski genes is not due to a failure to express the encoded proteins, we analysed proteins produced in infected CEFs by either immunoprecipitation or Western blotting ( Figure 3 ). Except for four frameshifts, M2f(80), A1f(128), M3f(147) and M5f(164), all other mutants produce proteins of predicted sizes and at levels not signi®cantly dierent from that of the wild-type parental protein produced by dHC-d9S. The four frameshifts produce signi®cantly lower (A1f(128) and M5f(164), Figure 3d , lanes 2, 4, 13 and 15) or undetectable (M2f (80), not shown and M3f(147), Figure 3d , lanes 3 and 14) levels of proteins that may lead to their lack of activity.
We have also examined the intracellular location of the mutant proteins by indirect immuno¯uorescence. As summarized in Tables 1 ± 3, most of the mutated proteins are detected in the nucleus, including many that are defective, such as A1i(128), M5i(163), DAH4, and DZ3/4. Therefore, the lack of activity in these defective proteins is not due to their inability to reach the nucleus. The proteins encoded by the EX1 minigene (residues 21 ± 304), the partially defective mutant M10f(297), (Figure 4a and c) and by the fully defective mutants A4f(193), A7f(278) and PSf(291) (data not shown) all appear distributed throughout both the nucleus and cytoplasm. Because these proteins are all small enough to enter the nucleus passively (540 kDa) but fail to accumulate in the nucleus, the results suggest that their nuclear localization signal(s) have been deleted.
As depicted in Figure 4b , the truncated protein encoded by frameshift mutant M12f(338) localizes completely in the nucleus. This protein contains 34 additional C-terminal amino acids (residues 305 ± 338) QEFs infected with the RCAS-BP vector or the vector expressing the indicated forms of v-ski were assayed for muscle-speci®c mRNA expression as described in Materials and methods. The top three panels show Northern analyses of mRNAs for myosin heavy chain (Myosin HC), muscle-speci®c creatine phosphokinase (MCK), MyoD, and myogenein. The bottom panel shows ethidium bromide¯uorescence of 28s and 18s rRNAs, indicating that approximately equal amounts of RNA of each sample was analysed. Quantitation of bands was performed using a phosphorimager and the results from cells cultured in growth medium (G) or dierentiation medium (D) were normalized separately versus the values obtained for v-ski which were set at one relative to EX1(residues 20 ± 304) which apparently lacks a nuclear localization signal ( Figure 4c ). These results suggest that a nuclear localization signal resides at least partially within these 34 amino acids. However, these residues are derived from exon II of c-ski (residues 305 ± 341) and both the alternatively spliced form of c-Ski that lacks these residues and the protein encoded by the D3(d230 ± 324) deletion mutant are entirely nuclear (Sutrave and Hughes, 1989 and Figure  4d ). The data therefore suggest the existence of two nuclear localization signals in v-Ski, one within the exon II region and an additional one downstream of exon II (Figure 4e ).
Limited proteolysis of EE-v-Ski
The results of the mutational analyses strongly suggest that EX1 amino acid sequence contains the core functional region of the oncoprotein. To determine whether this region constitutes a distinct physical domain, we fragmented the v-Ski protein by limited proteolysis and searched for regions in the protein that are relatively resistant to proteolysis. Resistance of a segment to proteolytic cleavage is indicative of an underlying structural domain because the compact structure of polypeptide regions contained in domains usually renders them less accessible to protease cleavage.
We ®rst performed limited digestions with the basic residue-speci®c protease trypsin because there are a total of 58 arginine and lysine residues distributed throughout the v-Ski protein sequence . To facilitate mapping of tryptic cleavage sites, a 16-amino acid residue, polyglutamate (EE) epitope tag was fused to N-terminus of v-Ski. The resultant EE-vSki was produced by in vitro translation as a protein of 57 kDa. EE-v-Ski also contains the epitope for G8 anti-Ski monoclonal antibody (G8), located at Tyr45 to Arg79 (unpublished data), as well as the epitope(s) for an anti-peptide serum (anti-C) generated against the peptide Asp325 to Glu341 (Sutrave et al., 1990) .
Various amounts of trypsin were employed to digest EE-v-Ski and each digest was divided into three equal portions for analysis by immunoprecipitation with the monoclonal antibodies glu-glu (anti-EE) and G8 and the anti-C serum. Analysis of the untreated sample indicates that a small portion of the protein appears degraded prior to digestion (Figure 5a, lanes 1, 7 and  13 ). However the pattern of bands does not change after incubation with no added protease indicating that S-methionine-labeled cell lysates were reacted with antibody G8 (a and c) or anti-C (b) and the precipitated proteins were resolved by SDS ± PAGE. (d) Western blot. Cell lysates were resolved by SDS ± PAGE followed by Western transfer onto a PVDF membrane and detection using antibody G8 and the WesternLight protein detection kit (Tropix). Lanes 13 ± 15 are the same as lanes 2 ± 4 but were exposed six times longer than all the other lanes to show levels of Ski proteins. In all panels, cell lysates prepared from CEFs infected with viruses carrying various mutated v-ski genes are indicated on the top of the lanes. Arrows indicate Ski bands of expected sizes. CEF, cell lysate prepared from uninfected CEFs the samples do not contain a contaminating protease activity ( Figure 5a, lanes 2, 8 and 14) . Cleavages by trypsin (and by other proteases employed, Figures 6 and 7) generate fragments in a dose-dependent fashion that are clearly dierent in size from those in the sample incubated without added protease (Figure 5a) .
Immunoprecipitation of trypsin digests of the protein with anti-EE shows that mild trypsin cleavages preferentially produce a 34 kDa fragment (Figure 5a , lanes 3 ± 4). Detection of possible cleavages in the Cterminal region of the protein is apparently masked by the strong preference for cleavage at this site. The size of the 34 kDa fragment suggests that it consists of the entire EX1 region of v-Ski (E20 ± R304), which is predicted to be 32.3 kDa plus the 16-residue, 2kDa EE-tag. In fact, side by side comparison by SDS ± PAGE of this fragment with an engineered protein containing the identical EE-tag and the Ski sequence E20 ± R304 (EE-EX1) shows that the two bands are identical in size (Figure 5b) . Hence, the preferred Cells expressing these Ski proteins were ®xed, immunostained with G8 mAb and a¯uorescenated goat anti-mouse secondary antibody, and photographed at 606magni®cation. (e) Existence of two nuclear localization signals in v-Ski. The v-Ski protein structure is shown as ®ve segments numbered 1 ± 5 in accordance to the ®ve c-ski exons coding for the protein. The positions of putative nuclear localization signals are supported by the present results and were identi®ed from primary sequence data . FB2/D29, the Ski protein encoded by an alternatively spliced form of c-ski that lacks exon 2 (Sutrave et al., 1989) . N, exclusively nuclear; N/C, both nuclear and cytoplasmic S-methionine by in vitro translation and digested at 378C for 10 min with various doses of trypsin. The digests and undigested controls were divided into three equal sets and immunoprecipitated with either anti-EE (lanes 1 ± 6), G8 (lanes 7 ± 12), or anti-C (lanes 13 ± 18) and resolved by 10% Tris-Tricine SDS ± PAGE followed by fluorography. U, untreated (starting material); I, incubated at 378C without trypsin. Samples digested with trypsin at 0.4 mg/ml, lanes 3, 9 and 15; 1 mg/ml, lanes 4, 10 and 16; 5 mg/ml, lanes 5, 11 and 17; and 20 mg/ml, lanes 6, 12 and 18. Arrows indicate (top to bottom) the 34 kDa, 28 kDa, 24 kDa and 21 kDa fragments precipitated by anti-EE in lane 4 and the 32 kDa, 27 kDa, 22 kDa, 18 kDa and 15 kDa fragments precipitated by G8 in lanes 10 ± 12. The panel below the¯uorogram is a photograph of the Coomassie-stained gel showing the heavy chain (HC) and light chain (LC) of the antibodies as loading controls. (b) Comparison of the 34 kDa trypsin cleavage product with EE-EX1. Lanes 1 ± 3, EE-v-Ski treated as in lanes 2 ± 4 of panel (a); lane 4, 35 S-methionine-labeled EE-EX1. The samples were immunoprecipitated with anti-EE, followed by 10% Tris-Tricine SDS ± PAGE and¯uorography. (c) Schematic representation of the cleavage products detected by the G8 and anti-EE antibodies (locations of the EE-tag and G8 epitope are indicated). Cleavage sites (residue numbers) for fragments precipitated are deduced from their sizes and the locations of basic residues in the primary sequence of v-Ski cleavage site is located approximately at R304. There are secondary cleavages that produce three smaller fragments of 28 kDa, 24 kDa and 21 kDa. From their sizes we have deduced that the cleavage sites which produce them are located approximately at R251, K210 and K183. At higher doses of trypsin, the low molecular weight fragments do not accumulate and no further cleavage products are detected suggesting that any fragments produced are no longer precipitable by anti-EE because of the loss of the EE-tag by cleavage at R(72) at the junction between the tag and the Ski sequence (compare Figure 5a , lanes 5 and 6 to lanes 11 and 12).
Immunoprecipitation of the same set of digests with G8 also detects the 34 kDa fragment, but this band is actually a doublet (Figure 5a , lanes 9 ± 10). The lower band, which is not detected by anti-EE (lanes 3 ± 4), is 32 kDa, 2 kDa smaller in size than the top one, suggesting that the 16-residue EE-tag is quickly removed following the release of the 34 kDa fragment. Consequently, subsequent cleavages must occur primarily among fragments that have already lost the EE-tag. Consistent with this analysis, the major secondary cleavage products detected by G8 precipitation consist of a set of doublets centering at 27 kDa, 23 kDa and 19 kDa in size. The lower band of each doublet is more intense and about 1 ± 3 kDa smaller, than the 28 kDa, 24 kDa and 21 kDa fragments detected by anti-EE. As depicted in Figure 5c , this 2 kDa size dierence is likely due to the loss of the EEtag and is consistent with the interpretation that the fragments detected by G8 and anti-EE result from cleavages at a common set of cleavage sites, namely R251, K210 and K183. The 18 kDa fragment is reduced to a highly resistant core of 15 kDa at the highest dose of trypsin. Additional experiments have indicated that it is generated after cleavage at K183 by an additional cleavage at K47 (not shown). This 15 kDa fragment contains about quarter of the total methionine residues of v-Ski and after digestion at the highest level of trypsin (Figure 5a , lane 12) it comprises about quarter of the signal of the intact protein in the starting material (Figure 5a, lanes 7 and 8) . This result indicates that, although this fragment contains 12 internal lysine and arginine residues, it is almost completely resistant to trypsin. Apparently this core domain adopts a compact conformation that protects these residues from protease attack.
In contrast with the antibodies that recognize more N-terminal epitopes, anti-C fails to precipitate the 34 kDa fragment or any other cleavage products in signi®cant quantity (Figure 5a ). This result suggests that the anti-C epitope is cleaved at least as rapidly as the nearby major cleavage site at R304 and that the cleavage products detected by the G8 antibody are all derived from the region upstream of this epitope (D325 to E341). Thus the v-Ski protein is cleaved at least twice near the border between the exon 1-and exon 2-encoded regions, eciently severing the exon 1-encoded region from the remainder of the protein.
Limited proteolysis of native v-Ski protein
To determine whether the above cleavage pattern holds for native v-Ski protein without an epitope tag and for proteases of dierent speci®cities, we have performed limited proteolysis on a v-Ski protein (55 kDa) produced in mouse L-cells. In addition to trypsin, we used chymotrypsin, which preferentially cleaves at aromatic and leucine residues, and subtilisin, which is non-speci®c. A nuclear extract from P28#3 cells was digested with proteases and the digests were immunoprecipitated by G8. As shown in Figure 6a , digestion by a low dose of trypsin detects the EX1 domain as indicated by the appearance of the 32 kDa fragment. Trypsin digestions at higher doses generate the smaller fragments of 27 kDa, 21 kDa, 18 kDa, and 15 kDa (Figure 6a and b) . This cleavage pattern matches that of the in vitro translated EE-v-Ski (Figure 5a) , con®rming that the EX1 domain exists in the native protein as well.
Cleavages by subtilisin and chymotrypsin produce resistant cores of 29 kDa and 28 kDa, respectively (Figure 6b) , both of which are smaller in size than the 32 kDa fragment produced by the low dose of trypsin. Nevertheless, like the 32 kDa fragment, both cores are detected by G8, but are not precipitable by anti-C (not shown), suggesting that they overlap with the 32 kDa fragment and are likely to represent a relatively more compact subdomain of EX1 than that revealed by trypsin. The results also show that the EX1 domain is S-methionine-labeled L-cell line P28#3 was digested at 378C for 5 min with dierent proteases at various dosages. Cleavage products were immunoprecipitated with G8 mAb and resolved by SDS ± PAGE followed by¯uorography. (a) Mild digestion by trypsin at 0, 0.1, 0.2 and 0.5 mg/ml, as shown in lanes 1 ± 4, respectively. Arrows indicate (top to bottom) the 32 kDa fragment in lane 2 and the 27 kDa, 21 kDa, 18 kDa, and 15 kDa fragements in lane 4. (b) Digestions by trypsin, subtilisin and chymotrypsin. Each protease was applied at 1, 2, 5, and 10 mg/ml, respectively, as shown in lanes 1 ± 4, 5 ± 8, and 9 ± 12. Lane 13, undigested control more resistant to subtilisin and chymotrpysin than to trypsin, as indicated by the lack of preferred cleavages inside the 29 kDa and 28 kDa cores. Thus the proteolytic stability of the domain varies slightly with the proteases employed. However even with these variations, the existence of the EX1 domain is clearly demonstrated with all three proteases.
Limited proteolysis of c-Ski protein
v-Ski is truncated at both the N-and C-termini compared to the c-Ski protein . The C-terminal sequence missing in v-Ski contains a strong dimerization domain (Nagase et al., 1993; Heyman and Stavnezer, 1994) . As a result, v-Ski exists predominantly as a monomer whereas c-Ski is largely found as a dimer (Heyman and Stavnezer, 1994) . To determine whether dimerization aects the formation of the EX1 domain, we have performed similar proteolysis experiments on the full length c-Ski protein (84 kDa). Using a nuclear extract prepared from c-ski-transformed CEFs as the source of the protein, we ®rst con®rmed that c-Ski indeed existed as a dimer in the extract by gel ®ltration and velocity sedimentation (data not shown). Limited digestions of the c-Ski dimer by subtilisin and chymotrypsin produce cores of about 31 kDa and 30 kDa, respectively ( Figure 7 , lanes 1 ± 4 and 9 ± 12). These fragments are about 2 kDa larger than similar ones from v-Ski (Figure 6 ), consistent with the fact that v-Ski protein expressed in P28#3 cells in truncated at its N-terminus by 15 residues compared to c-Ski. Trypsin cleavage initially produces a 34 kDa/32 kDa doublet (Figure 7 , lane 5, arrows). At higher trypsin doses, the 34 kDa fragment disappears giving rise to mainly fragments of 32 kDa and 28 kDa (Figure 7 , lanes 6 and 7, arrows) and these give way to 22 kDa, 18 kDa, and 15 kDa fragments (Figure 7 , lanes 7 and 8) as in digests of vSki (Figures 5a and 6b) . The most straightforward interpretation of these results equates the 32 kDa, 28 kDa, 18 kDa and 15 kDa fragments of c-Ski with those produced by trypsin digestion of v-Ski. Apparently, the N-terminal c-Ski segment responsible for the 2 kDa dierence in size is seen initially in the 34 kDa species, but is rapidly lost by trypsin cleavage at K17 making the subsequent cleavage products of the two proteins identical. Regardless of whether this interpretation is precisely correct, the cleavage pattern of c-Ski by the three proteases is clearly qualitatively identical to that of v-Ski (Figure 6 ), suggesting that the structure of the EX1 domain is not aected by the homodimerization of c-Ski.
Physical properties of the EX1 domain
Domains that resist protease digestion are usually very compact. Hence, their existence may be veri®ed indpendently by their physical properties. To examine the compactness of the EX1 domain, we have determined the size and shape of the EX1 protein produced in CEFs using gel ®ltration and gradient sedimentation techniques. By gel ®ltration, EX1 fractionates as two species, with the smaller component representing over 80% of the total (Figure 8a ). The Stokes radius of this species is 26.5 A Ê whereas that of the minor species, which comprises less than 20% of the total EX1 protein, is 47.8 A Ê and probably represents a multimeric form of EX1. Only a single species with a sedimentation coecient of 3.1 S is detected in the glycerol gradient (Figure 8b ). Apparently, the 47.8 A Ê minor form of the EX1 protein is not stable under centrifugation or is not resolved on the gradient, making it impossible to calculate its native molecular weight. We are able to calculate a native molecular weight (Mr) of 33 800 for the major form. As this is close to the predicted monomeric molecular weight of the EX1 protein (32 500), we conclude that the EX1 protein exists predominantly as a monomer in solution. The frictional coecient ratio (f/f 0 ) is calculated to be 1.07, yielding an axial ratio of 2.4 based on the prolate ellipsoid model (Cantor and Schimmel, 1980) . Thus this protein is rather globular and compact.
Discussion
Our study has de®ned a major functional domain, EX1, that is encoded by the ®rst coding exon of c-ski and consists approximately of the amino acids E20 ± R304. This domain is highly globular and compact. It is resistant to proteolytic digestion and is connected to the remainder of the protein by a highly proteasesensitive region encoded by exon 2. Expressed in cells as an independent protein, the EX1 domain displays the full range of the biological activities of v-Ski. It induces morphological transformation, anchorageindependent growth and myogenic dierentiation. However, there are functional dierences between the two. The EX1 domain has relatively weak activity in promoting anchorage-independent cell growth and is not located completely in the nucleus. Interestingly, the M12f(338) mutant is essentially the EX1 domain with 34 amino acids encoded by exon 2 added to its C- S-methionine-labeled CEFs transformed by c-ski (infected by RCASBP-29) was digested at 378C for 5 min with subtilisin (lanes 1 ± 4), trypsin (lanes 5 ± 8), or chymotrypsin (lanes 9 ± 12) as indicated. Cleavage products were immunoprecipitated with G8 and resolved by SDS ± PAGE followed by¯uorography. Each protease was used at 0.5 mg/ml (lanes 1, 5 and 9), 1 mg/ml (lanes 2, 6 and 10), 2 mg/ml (lanes 3, 7 and 11), and 5 mg/ml (lanes 4, 8 and 12). Arrows indicate the trypsin cleavage products. From the top down, they are the 34 kDa/32 kDa doublet (lane 5), the 32 kDa (lane 6), 28 kDa and 22 kDa (lane 7) and 18 kDa and 15 kDa fragments (lane 8) terminal end, and the resulting protein is completely nuclear and as active as v-Ski. Earlier work (Colmenares et al., 1991) has shown that the exon 2 region is not required for full transforming and myogenic activity of ski, indicating that the only function provided by these 34 residues is nuclear localization. Thus the present results suggest that the weaker activity of the EX1 domain is entirely due to its lack of a complete nuclear localization signal (NLS) and its consequent failure to accumulate exclusively in the nucleus.
Analysis of the intracellular location of the protein resulting from deletion and frameshift mutations indicates that v-Ski has two functional nuclear localization signals. As just discussed, the ®rst of these is at least partially between residues 304 and 338 and is de®ned by mutant M12f(338) and EX1 (Cterminus ends at residue 304). This conclusion con®rms a suggestion made previously that amino acids 310 ± 319 contain a NLS because the sequence resembles the M2 signal of both c-myc and N-myc . Amino acids 297 ± 304 had also been suggested as a potential NLS based on similarity to a nuclear localization signal in polyoma virus T antigen . This location now appears unlikely because the EX1 protein contains this sequence, but does not accumulate in the nucleus to any greater extent than the protein encoded by M10f(297), which does not contain this sequence. The presence of a second NLS is required to explain the nuclear localization of proteins encoded by mutant D3 (d230 ± 324) and by the alternatively spliced form of cski which lacks exon 2 (Sutrave and Hughes, 1989; Sutrave et al., 1990) . A potential NLS was previously identi®ed at amino acids 347 ± 356 because of its similarity to the M1 signals of c-myc and N-myc and to the signal in SV40 T Figure 4e ). This signal may be responsible for the nuclear localization of the proteins encoded by alternatively spliced c-ski and the D3 mutant.
The results of our mutational analysis show that, except for nuclear localization, the EX1 domain contains the minimum DNA sequence required for induction of transformation and myogenesis by v-ski. In a total of 26 mutations we have examined, mutations in the exon 1-derived sequence frequently abolish or attenuate both of these activities, whereas mutations outside the region are always tolerated. Moreover, the frameshift mutations PSf(291) and M10f(297) de®ne a surprisingly sharp C-terminal boundary for the sequences required for both transformation and myogenesis. PSf(291) frameshifts at codon 291 and completely inactivates both transformation and myotube formation, while M10f(297) frameshifts at codon 297, only six codons downstream, and is nearly wild-type in myogenesis and has partial transforming activity.
The 5' boundary of required sequence is de®ned by internal deletions DAH1 (d34 ± 45) and DPRO (d53 ± 76). Removal of either of these segments and of residues 24 ± 26 (in the parent virus used in these studies) from the 5' region of v-ski, which starts at codon 20, has no eect on the activity of ski. Although residues 20 ± 23, 27 ± 33 and 46 ± 52 were not included in these deletions, the results appear to indicate that the 5' sequence up to codon 76 is likely to be dispensable for function. On the other hand, at least part of the segment between amino acids 76 and 120 is functionally important because deletion of the entire 5' region to codon 120, in mutant D1 (d17 ± 120), renders its encoded protein completely inactive. Therefore, the N-terminal boundary of the minimum region required for biological activity is between residues 76 and 120. In summary, the data indicate that codons 76 ± 304 contains the minimum sequence for the biological activities of v-ski.
It was suggested previously that the EX1 region of v-Ski contains several potentially functional motifs typical of transcription factors Colmenares and Stavnezer, 1990) . These include a proline-rich region, several cysteine/ histidine-rich metal-binding regions, and a potential HLH motif. The results of the mutational study show that deletion of the proline-rich region has no eect on either the transforming or myogenic activity and that substitution sH/C1(H130Y, C133S) aimed at disruption of the cysteine/histidine-rich region at amino acids 126 ± 136 also has no eect, indicating that neither motif is essential for activity. Furthermore, deletion of one predicted helix of the potential HLH motif in mutant DAH2 only partially inactivates transforming activity although an insertion into the other helix (M5i(163)) completely inactivates v-ski. Because deletion of one half of an HLH would be expected to completely abolish its function, these results suggest that this region is not a functional HLH domain. However, deletion of the cysteine/histidine-rich region at amino acids 228 ± 245 completely abolishes ski's transforming and myogenic activities. This deletion disrupts two potential zinc ®nger motifs, suggesting that one or both of them may be functionally important. The present results do not reveal the biochemical function of EX1, but the concordance of the protease data with the results of the mutational studies suggests that it is an important structural and functional domain of Ski. In an attempt to further correlate structure and function, we have evaluated the protease cleavage sites and resistant segments within the EX1 domain in the context of the mutagenesis data and predictions of function and secondary structure ( Figure  9 ). We are prompted to make this analysis by previous work employing limited proteolytic digestion which has uncovered functional domains in other transcription factors. For example, cleavage of yeast transcription factor t with proteases revealed two proteolytically stable domains, each of which recognizes one of the two non-contiguous intragenic promoter sequence blocks in the tRNA genes (Marzouki et al., 1986) . Proteases cleavage also revealed the subdomain organization of the POU region of Oct-2 (Bot®eld et al., 1992) and the functional regions of the core transcription factor (Barberis et al., 1993) .
Although none of the protease cleavage sites correspond exactly to sites of insertions or small deletions, the DAH1, DPRO, A3i(191), DAH4 and DZ3/4 mutations are found to be close to these cleavage sites. But there is neither a direct, nor an inverse correlation between the site of a secondary cleavage and its sensitivity to mutations, as is evident from the fact that DAH1, DPRO, and A3i(191) are silent mutations, whereas DAH4 and DZ3/4 are completely inactivating. Regardless of their sensitivity to mutation, potential zinc ®nger motifs and regions of predicted a-helical structure are not sites of protease cleavage. Rather, these cleavage sites all reside in regions predicted to be coils, turns, or loops by the PHD algorithm (Rost and Sander, 1993) . These structural elements are generally more¯exible than helices and sheets and thus more prone to proteolytic cleavages. Further, most sites are clustered in less conserved sequence segments in the C-terminal half of the EX1 domain. In contrast, the 15 kDa tryptic core is located in an N-terminal segment with the highest degree of conservation within the Ski/Sno family.
Of all the mutations scored by our biological assays, independent segregation of the transformation and myogenesis activities is never observed. On the contrary, loss or presence of one activity always coincides the loss or presence of the other. This correlation holds even in the three cases where the proteins have partial activity M3i(146), M10f(297) and A7i(278). However, the partial mutants also reveal subtle distinctions among the three assays used to evaluate ski biological activities. In each case, myotube formation emerges as the least sensitive to disruption of the ski gene, while morphological transformation is clearly the most stringent. One reason for such tight linkage between the two activities emerges from the ®nding that both activities are contained in a single structural domain. Thus mutations that disrupt the integrity of the domain are expected to disable both activities simultaneously. One may further speculate that the diverse biological properties of the Ski protein must be largely determined by other factors such as the availability of protein cofactors that directly interact with Ski or co-regulate the promoters that are the targets of Ski's presumed transcriptional regulatory activity.
Materials and methods
Construction of non-defective v-ski viruses
The v-ski coding region of SKV5.7 was isolated as a 1471 bp fragment by digestion of RAV(SKV)5 with XhoI and HaeII at sites 15 bp upstream and 146 bp downstream of ski, respectively. This fragment was then supplied with a start codon as an upstream NcoI linker and a donwstream ClaI linker and cloned into the adapter plasmid, Cla12Nco (Hughes et al., 1987) . Partial digestion with SstI followed by re-ligation was then used to remove 9 bp between two neighboring sites near the 5' end of this fragment (codons 9 ± 11 from the ATG initiation codon) to generate tC-d9S. The v-ski fragment was then inserted downstream of the acceptor splice site of the deleted src gene in recombinant avian retroviral vectors. A variant (dHC-d9S) with a deletion of the downstream gag sequence along with the 3' 90 bp of v-ski was generated by HindIII/ClaI digestion followed by polymerase ®ll in and re-ligation. These constructs are shown schematically in Figure 1 .
Mutagenesis
For insertional mutagenesis, an SstI fragment (bp 80 to 1227 relative to start codon of c-ski) of v-ski in tHC-d9S (Figure 1 ) was circularized and then partially digested with MnlI or AluI. Oligonucleotides (CCCGGGCCCGGG) were ligated onto the ends of the MnlI or AluI permuted DNA, followed by digestion with either XmaI (CCCGGG) or ApaI (GGGCCC) and re-closure of the circle by T4 DNA ligase, to produce six or 12 base insertions, respectively. These ligation products were linearized in the non-permuted order by digestion with SstI and cloned into a retroviral vector in place of the SstI fragment of wild-type v-ski. Each insertion was examined by DNA sequencing and several at MnlI sites were found to result in Figure 9 Positions of mutations, structural predictions, amino acid sequence conservation and trypsin cleavage sites. The two large horizontal rectangles represent the protein segments encoded by exons 1 and 2 (top), which shows the positions of predicted secondary structures, and by exon 1 (bottom), which shows the conservation of amino acids. At each position in the amino acid sequence where there is a dierence between the Ski sequences of chicken, human, mouse, or Xenopus, the dierence is indicated by a single black vertical line. The secondary structures and variable amino acids are aligned with the sites of mutations and of trypsin cleavages, which are marked by arrows frameshifts by the deletion of a single base-pair at the insertion site. The reading frames of these were corrected by digestion with XmaI followed by blunting with T4 DNA polymerase and re-closure. Although in theory insertions should have occurred at all possible restriction sites, analysis of a large number of clones detected linker insertions at only ®ve dierent AluI sites and ®ve different MnlI sites. The mutated genes generated by these insertions are designated with M or A to indicate MnlI or AluI, a number indicating the order of these sites withing the SstI fragment, a single letter`i' for insertion,`f' for frameshift, or`s' for substitution and a number in parentheses for the codon position of the insertion site.
For targeted mutations D indicates a deletion and the numbers in parentheses are the ®rst and last codons of the deleted segment. The mutants D1(d17 ± 120) and D2(119 ± 231) were generated by partial PstI digestion and ligation with T4 DNA ligase. Mutant D3(d230 ± 324) was generated by a partial digestion with PstI followed by a complete digestion with BamHI. The ends were blunted by treatment with T4 DNA polymerase and ligated by T4 DNA ligase. Mutants DAH1(d34 ± 45), DPRO(d53 ± 76), DAH2(d137 ± 150), DAH4(d190 ± 204), DZ3/4(d229 ± 245) and sH/ C1(H130Y, C133S) were generated following a PCR-based method of Horton et al. (1990) . All of these mutations were veri®ed by DNA sequencing.
Viruses, cell culture and transfections
The mutated v-ski sequences were cloned into the retroviral vector RCAS BP as described before (Colmenares et al., 1991) . Cell culture, transfection and viral infection of chicken embryo cells (CEFs) and quail embryo cells (QEFs) were performed as previously described (Colmenares et al., 1991) . CEFs were passed 3 ± 4 times following transfection to allow spread of the virus, then scored for morphological transformation. Dierentiation of QEFs and soft agar cloning of CEFs were assayed as previously described (Colmenares et al., 1991) . Indirect immunofluorescence assays with anti-ski monoclonal antibodies were performed to demonstrate that infection was complete.
Northern analysis of muscle-speci®c mRNAs RNA was isolated from retrovirus-infected QEFs cultured in growth medium or after three days in serum-free dierentiation medium as previously described (Colmenares and Stavnezer, 1989; Colmenares et al., 1991) . Northern blots were prepared with 20 mg of RNA and prior to transfer gels were stained with ethidium bromide and photographed under u.v. transillumination to ensure equal loading. The blots were then prepared and used to assay for expression of myosin heavy chain, myoD, myogenin and muscle-speci®c creatine phosphokinase as described (Colmenares and Stavnezer, 1989; Colmenares et al., 1991) . Blots were quantitated using a Molecular Dynamics phosphorimager and ImageQuant software.
Immunostaining, immunoprecipitation and Western blot
Indirect immuno¯uorescence to detect Ski protein in cultured cells was done as described previously (Colmenares and Stavnezer, 1989) with the use of a monoclonal anti-Ski antibody (G8) and a secondary goat anti-mouse antibody labeled with¯uorescein-isothiocyanate (FITC) (Hyclone). Immunoprecipitation using the G8 and anti-C antibodies were performed as described previously (Colmenares et al., 1991; Sutrave et al., 1990) . For immunoprecipitation with monoclonal antibody glu-glu (BAbCO), equal volumes of hybridoma culture medium containing the antibody and protein A-agarose were mixed at 48C for 30 min. 20 ml of resin was then mixed with samples containing EE-tagged v-Ski for 30 min at 48C and washed ®ve times in buer containing 25 mM HEPES (pH 7.9), 100 mM NaCl, 10% glycerol, and 0.5% NP-40. Precipitates were resuspended in SDS ± PAGE sample buer (Laemmli, 1970) , boiled for 5 min and cleared by centrifugation at 12 000 g for 5 min at room temperature. The supernatants were analysed either by standard SDS ± PAGE (Laemmli, 1970) or by Tris-tricine SDS ± PAGE (SchaÈ gger and von Jagow, 1987), followed by¯uorography as described previously (Colmenares et al., 1991) . For Western blot analysis, protein bands resolved by SDS ± PAGE were transferred onto a PVDF membrane (Millipore) using a Trans-Blot System (Bio-Rad). Ski proteins were detected with the G8 antibody and the Western-Light protein detection kit (Tropix).
In vitro transcription and translation
For construction of the plasmid encodes polyglutamate tagged v-Ski, an NcoI ± BglII fragment was excised from plasmid pCRpolski that contains the coding sequence of vSki. The fragment was inserted into plasmid 5'EETM1 (a gift from Dennis Templeton) at the NcoI and BamHI sites and the resultant plasmid is named 5'EETM1polski. To construct the plasmid coding for exon 1-encoded protein with an N-terminal polyglutamate tag, an NcoI ± BamHI fragment coding for c-Ski protein sequence E20 ± R304 was excised from pBS/EX1 and inserted into the NcoI and BamHI sites of plasmid 5'EETM1. The resultant plasmid is named 5'EETM1ex1.
35 S-labeled EE-v-Ski and EE-EX1 were produced from 5'EETM1polski and 5'EETM1ex1, respectively, using the reticulocyte lysate TNT coupled transcription-translation kit of Promega.
Preparation of protein extracts
A clone of L cells, P28#3, (obtained from B Kelder and J Kopchick) that over-express v-ski from a transfected vector was used for preparation of native v-Ski. The protein expressed by P28#3 cells contains an additional 51 amino acids derived from the fused gag MA protein at v-Ski's carboxyl terminal end . These L cells were cultured in Dulbecco's modi®ed Eagle's medium (DMEM) plus 10% bovine serum, at 378C and 5% CO 2 . C-Ski protein was produced in CEFs infected by retroviruses expressing all eight of the c-ski coding exons, in the form FB29 cDNA (Colmenares et al., 1991; Sutrave et al., 1990) . For cloning and cellular expression of the exon 1-encoded protein EX1, a PCR fragment was generated from FB29 cDNA using a primer pair CCATCGATACCATG-GAACAGTTTCATC (N1) and CCATCGATTTACCTG-GGGGCTTTCCTC (C1). The ampli®ed fragment (N1C1) encodes the c-Ski amino acid sequence E20 ± R304, with a Met codon placed in front of E20 (where v-Ski starts) and a stop codon immediately after R304 (where exon 1 ends). The fragment was cleaved by ClaI, inserted into the retroviral vector RCAS BP(A), and expressed in cultured avian cells by transfection and infection (Colmenares et al., 1991) .
Preparation of nuclear and cell lysate involves the following steps performed at 48C. Monolayer cells (about 1.5610 8 cells) were washed once with cold PBS, scraped o dishes, and collected in 1.7 ml Eppendorf tubes by centrifugation for 30 s at 5000 g. The cell pellet was washed twice in PBS, and once in buer A (10 mM HEPES, pH 7.9, 1 mM EDTA, 1 mM DTT, 1 mM PMSF) by resuspending and re-pelleting. The packed cells were then resuspended in two packed cell volumes (PCV) of buer A. After a 10 min incubation, swollen cells were broken by dounce homogenization. Nuclei were collected by centrifugation at 5000 g for 45 s and the supernatant was adjusted to 20% glycerol and saved as the cytoplasmic fraction. The nuclei were washed once with buer A and extracted by gentle resuspension in two PCVs of 25 mM HEPES, pH 7.9, 0.5 M NaCl, 1 mM EDTA, 1 mM DTT, 1 mM PMSF. After 10 min incubation, extracted nuclei were removed by centrifugation at 12 000 g for 15 min and glycerol was added to the supernatant to a ®nal concentration of 20%. These extracts routinely contained 3 ± 5 mg of protein per ml. Both the cytoplasmic fraction and nuclear extract were quick frozen in liquid nitrogen and stored at 7708C. We use the term`cell lysate' to refer to a mixture of equal portions of the cytoplasmic fraction and nuclear extract.
Limited proteolysis
For proteolytic digestion, nuclear extracts or in vitro translated EE-v-Ski were diluted at least 1 : 10 in buer containing 25 mM HEPES, pH 7.3, 200 mM NaCl, 0.5 mM EDTA, 0.5 mM DTT, 0.01% NP-40 plus 20% glycerol and 50 mg/ml BSA. The diluted extracts were placed on ice for 2 h to allow PMSF to hydrolyze, and re-cleared at 12 000 g for 15 min at 48C. Samples of 50 ml volume were incubated with various amounts of trypsin, chymotrypsin, or subtilisin for 5 ± 10 min at 378C. PMSF was added to 1 mM to stop the digestion, and the samples were mixed with 0.4 ml of RIPA (Sutrave et al., 1990) and boiled for 4 min followed by Tris-Tricine SDS ± PAGE (10%). Protease cleavage sites were determined according to the SDS ± PAGE masses of the proteolytic fragments and with the use of the Gene Runner software (Hastings Software, Inc).
Gel ®ltration and sedimentation
Protein samples of 40 ml volume were mixed with several protein standards of known Stokes radii (A Ê ) and sedimentation coecients (S 20,w =S) (catalase, 52.2 A Ê , 11.3 S; aldolase, 48.1 A Ê , 8.27 S; bovine serum albumin, 35.5 A Ê , 4.22 S; ovalbumin, 30.5 A Ê , 3.55 S; RNAse A, 16.4 A Ê , 1.85 S) in a ®nal volume of 100 ml containing 25 mM HEPES, pH 7.3, 200 mM NaCl, 0.5 mM EDTA, 0.5 mM DTT, 0.01% NP-40 (buer B) plus 20% glycerol (for gel ®ltration), or 10% glycerol (for gradient sedimentation). These mixtures were cleared by centrifugation at 12 000 g for 15 min. For gel ®ltration, the mixtures were chromatographed at 48C using a 35 ml Sephacryl S-200HR column equilibrated with buer B plus 20% glycerol. The total column volume accessible to solvent (V i ) and the void volume (V o ) were determined using thymidine and blue dextran 2000, respectively. The column was developed at a¯ow rate of 1 ml per hour, and 0.7 ml fractions were collected. For sedimentation experiments, the mixture was loaded onto a 5 ml linear glycerol gradient (15 ± 30%) prepared in buer B and centrifuged in a Beckman SW 50.1 rotor at 40 000 r.p.m. for 23 h at 48C. The gradient was then fractionated from the bottom of the tube at 0.2 ml per fraction.
In the gel ®ltration and sedimentation experiments, the elution or sedimentation positions of the protein standards were determined by analysing samples of individual fractions by SDS ± PAGE (10%), using Coomassie blue staining to visualize the resolved polypeptides. The elution or sedimentation position of EX1 was determined similarly, except that detection involved Western blotting with the G8 monoclonal antibody as described above. The partition coecient, K d , of each standard determined in the gel ®ltration experiment was plotted as a function of Stokes radius according to the equation of Porath (Porath, 1963) . The Stokes radius for EX1 was obtained from this standard curve according to its K d value. For sedimentation analysis, a standard curve was drawn by plotting the known sedimentation coecients of the standards as a function of their sedimentation positions in the gradient. The sedimentation coecient for EX1 was obtained from its sedimentation position relative to the standards. The values obtained for Stokes radii and S 20,w were used to calculate the molecular weight, the frictional ratio (f/f o ), and the axial ratio of the EX1 protein (Siegel and Monty, 1966; Cantor and Schimmel, 1980 ) using a partial speci®c volume of 0.725 cm
